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Abstract
The case for thin-film silicon as one of the main future options for cost-effective photovoltaic solar cells is outlined. The
limitations of present amorphous silicon (a-Si:H) solar cells are briefly mentioned. Hydrogenated microcrystalline silicon (mc-
Si:H) deposited by PECVD (plasma-enhanced chemical vapor deposition) at low substrate temperatures (approx. 200 8C)
constitutes a new and additional possibility for solar cells. Properties of intrinsic mc-Si:H layers deposited by PECVD at VHF
(very high frequency) excitation frequencies are listed, together with the necessary conditions for obtaining device-grade material.
Performances obtained so far with mc-Si:H solar cells are given; the latter are compared with estimated limits for pn- and pin-
type devices with E s1.1 eV. Finally, present performances and future perspectives for ‘micromorph’ (mc-Si:Hya-Si:H) tandemg
solar cells are discussed.
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1. Introduction
For photovoltaic (PV) solar energy conversion to
become a substantial contributor to the general produc-
tion of electricity, a massive increase in module produc-
tion volume over the present value of approximately
300 MW yyear is needed. Indeed, it is only at worldp
production levels in the order of magnitude of 100–
1000 GW yyear that PV solar modules will have ap
noticeable effect in the substitution of fossil fuels or in
the replacement of nuclear power stations on a global
level. This will take, even at the present impressive
growth rate of approximatelyq40%yyear, approximate-
ly 2–3 decades more (Fig. 1). In the authors’ view, it
is, therefore, necessary to choose a PV cell technology
that can cater to such a massive production volume.
Wafer-based crystalline silicon, with its relatively large
requirements of ultra pure monocrystalline or polycrys-
talline silicon base material (10–20 tons per MW ofp
solar cells) and its relatively high energy payback time
(several years for Central European climates), hardly
seems to be a viable candidate. Even though this
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technology presently accounts for over 80% of PV
modules produced, and even though it has in the past
two decades contributed to a substantial decrease in PV
module prices, its further price reduction potential can
be considered to be relatively modest. Indeed, at this
moment, prices of PV modules fabricated from crystal-
line silicon wafers are stagnating at a level of approxi-
mately US $4yW (Fig. 1).p
There is, therefore, growing interest in thin-film PV
technologies w1x.
Amongst these, cadmium telluride (CdTe) and copper
indium (gallium) diselenide (CIGS) constitute two thin-
film options that have given rise to considerable interest,
especially as the corresponding performances of small-
size (approx. 1 cm surface area) laboratory cells made2
from these two materials have, in recent years, under-
gone remarkable improvement and now reach conver-
sion efficiency levels in the 15–20% range. Mass
production of corresponding modules is, however, only
gradually taking off, and this because of several reasons:
(1) lack of adequate industrialy technological experi-
ence; (2) so far low production yields; (3) production
hazards (especially for CdTe modules); (4) necessity
for production processes at relatively high temperatures
(400–500 8C); (5) additional problems with substrates
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Table 1
Material presence in earth’s crust w2x
Element Concentration wppmx
Si Silicon 282 000
Ga Gallium 19
As Arsenic 1.8
Cd Cadmium 0.15
In Indium 0.25
Se Selenium 0.05
Te Tellurium 0.001
Fig. 1. Past and estimated future evolution of PV world production volume and of PV module prices (at current $yW ), from Shah et al. w1x,p
completed with new data.
and transparent contacts, as needed for these cells; and
(6) difficulties in passing the ‘damp heat test’ required
of PV modules (especially for CIGS). Now, many of
these problems may be considered to be temporary (with
the exception, possibly, of the high process temperatures
and of the hazardous, toxic raw materials involved). In
the long run, however, basic material availability con-
stitutes an even more serious problem. Table 1 gives the
figures for material availability, for various PV materials,
as used in thin-film solar cells.
It is quite evident from Table 1 that at a future world
PV module level of 100–1000 GW yyear, both CIGSp
and CdTe technologies will run into serious problems
w.r.t. (with respect to) raw material availability.
Thus, the motivation for developing a high-perform-
ance, viable thin-film solar cell technology, based on
silicon, can be clearly perceived.
A first attempt at creating such a thin-film solar cell
technology was based on hydrogenated amorphous sili-
con (a-Si:H).
Amorphous silicon solar cells are relatively cheap
(present module prices are approx. $3yW ), account forp
10–15% of the world PV solar cell market and have an
almost total monopoly for low-power ‘gadget’-type
applications (calculators, watches, etc.). Laboratory cell
record efficiencies in excess of 13% (stabilized values,
after light-induced degradation) have been achieved w3x,
using a triple-cell configuration and involving amor-
phous silicon–germanium alloys (a-SiGe:H). Corre-
sponding commercial module efficiencies are, however,
only approx. 6–8%, which is rather low for many
energy-relevant applications. Amorphous silicon has the
advantage of being deposited at relatively low substrate
temperatures (180–300 8C); thus, it allows for the use
of very low-cost substrates, such as cheaper forms of
glass, stainless steel, aluminium, and especially poly-
mers (polyimide, possibly also PET w4x). Deposition
times are still relatively long (approx. 30–60 min for a
full a-Si:H cell), but could be further reduced by the
use of newer deposition techniques, such as VHF-
PECVD w5x.
An important newcomer in the field of PV cell
materials is plasma-deposited hydrogenated microcrys-
talline silicon (mc-Si:H). First mc-Si:H layers were
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deposited by Veprek and Maracek in 1968 w6x. However,
it was only in the early 1990s that actual mc-Si:H solar
cells were fabricated w7,8x.
Pioneering work was done at IMT Neuchatel byˆ
Fluckiger et al. w9x, Meier et al. w10x and Torres et al.¨
w11x, resulting within a short time in the fabrication of
pin (or nip)-type mc-Si:H solar cells with fully stable
AM 1.5 conversion efficiencies in excess of 7% w12x.
The purpose of the present paper was four-fold:
● to discuss the requirements of intrinsic mc-Si:H layers
for their incorporation into efficient pinynip solar
cells and to describe results obtained, with this goal,
by VHF-PECVD;
● to give an indication on the performance so far
obtained for mc-Si:H pin and nip solar cells;
● to indicate estimated limits for such cells; and
● to outline the perspectives for so-called ‘micromorph’
tandem cells, i.e. tandems involving a microcrystalline
silicon (mc-Si:H) bottom cell and an amorphous
silicon (a-Si:H) top cell.
2. Intrinsic mc-Si:H layers for pinynip solar cells
2.1. General list of requirements
For intrinsic mc-Si:H layers to be useful in the context
of pin (or nip)-type solar cells, the following require-
ments have to be fulfilled:
(a) The material should be ‘truly’ intrinsic, with the
Fermi level position E at midgap, i.e.:F
1 Ž .E f Ø E yE (1)F c v2
where E and E denote the energy levels of thec v
conduction and valence band-edges, respectively.
As usual, mc-Si:H layers have a pronounced n-type
behavior, this type of ‘midgap’ material can be obtained,
either by low-level doping w7,9x, or else, preferably, by
a reduction in the inherent oxygen content of the
material w13x to values below 10 atomsycm . The19 3
Fermi level position can be monitored either by meas-
uring the dark conductivity activation energy Eact
(should be higher than 0.5 eV) or the dark conductivity
s itself (should be lower than 10 Sycm).y6dark
(b) The grain boundaries and other defects should be
well passivated by hydrogen, resulting in defect absorp-
tion at 0.8 eV of less than 3 cm , but preferablyy1
considerably less than 1 cm (see also Fig. 7).y1
(c) The layer surface should be rough (standard
deviation, S.D. s of surface roughness as measuredAFM
by AFM should be at least approx. 15 nm, but preferably
higher).
(d) The crystalline volume fraction w should be 70%c
or more.
Using VHF-PECVD at plasma excitation frequencies
of 70–200 MHz, and subjecting the input gas mixture
(SiH and H ) to a SAES getter-type gas purifier w14x,4 2
the following layer characteristics are routinely obtained
by our group w15x: E G0.4 eV; s F10 Sycm;y5act dark
a(0.8 eV)-3 cm ; s )10 nm; w )70%, at gasy1 AFM c
phase ratios wSiH xy(wSiH xqwH x) of 5–7%.4 4 2
2.2. w16,17xVariety of microstructures observed in
PECVD-deposited mc-Si:H
Unlike monocrystalline silicon or even unlike amor-
phous silicon (a-Si:H), microcrystalline silicon is a
highly complex material that can take on very different
microstructural forms, depending upon the exact depo-
sition conditions. Only certain forms of microcrystalline
silicon are suitable for solar cells. This has already been
extensively treated by the authors in a previous paper at
the E-MRS Symposium in 1999 w16x, where conditions
were detailed w.r.t. intrinsic device-quality mc-Si:H as-
deposited by VHF-PECVD. Fig. 2 schematically indi-
cates the large microstructural variety observed. It would
seem that the best solar cells are (so far, at least)
produced with those intrinsic mc-Si:H layers, which are
deposited at deposition conditions near the mc-Si:Hy a-
Si:H phase transition. Details of HR-TEM (high-reso-
lution transmission electron microscope) observations
on mc-Si:H layers can be found in Vallat-Sauvain et al.
w17x.
Note that the type of mc-Si:H layers deposited
depends critically on the underlying layers andyor on
the substrate used: microcrystalline layers deposited on
glass or an amorphous silicon tend to have a larger
amorphous volume fraction than those deposited on
underlying crystalline material (see, e.g. w18x). The
initial growth phase of a microcrystalline layer is espe-
cially delicate and is currently under study w19x.
3. Microcrystalline silicon (mc-Si:H) solar cells of
pinynip-type
3.1. Results currently obtained
Fig. 3 shows typical JyV characteristics of a ‘good’
p-i-n type mc-Si:H solar cell, as currently fabricated by
our laboratory; Fig. 4 shows the corresponding spectral
response curve, as compared to the spectral response
curve of a typical a-Si:H solar cell.
The performance of a mc-Si:H solar cell can be
characterized by three solar cell key parameters:
● Short-circuit current density J ;SC
● Open-circuit voltage V ; andOC
● Fill Factor FF.
At least six laboratories worldwide are in the process
of producing, at present, ‘state of the art’ mc-Si:H solar
cells:
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Fig. 2. Variety in microstructure of hydrogenated microcrystalline silicon (mc-Si:H) VHF-PECVD, 70 MHz, samples deposited on glass (from
Shah et al. w16x and Vallat-Sauvain et al. w17x).
Fig. 3. Typical JyV curve for a microcrystalline (mc-Si:H) single junc-
tion solar cell, as fabricated at IMT Neuchatel.ˆ
Fig. 4. Typical spectral responses of single-junction pin solar cells (a-
Si:H and mc-Si:H solar cells).
● IMT Neuchatel (CH);ˆ
● Forschungsanstalt Julich (D);¨
● ECD (USA);
● Canon (J);
● ETL (J); and
● Kaneka (J).
As for the short-circuit current density J , the valuesSC
obtained are in the range between 20 and 30 mAycm ,2
depending upon i-layer thickness, and especially on the
light-trapping scheme within the solar cell also.
The open-circuit voltage V of mc-Si:H cells had inOC
the first cells been approximately 350–400 mV, but
presently values between 520 and 560 mV are obtained
by virtually all laboratories mentioned above. VOC
depends surprisingly, to a large extent, on the silaney
hydrogen gas phase ratio used for i-layer depositions:
High V -values are obtained for cells deposited nearOC
the mc-Si:Hya-Si:H phase transition boundary (Fig. 5):
This is, so far, a necessary but insufficient condition for
a high V . The py i interface (through which lightOC
enters into the mc-Si:H cell) is another critical factor.
Further research is under way here (see also w18,19x).
Fill Factors (FF) currently obtained for best mc-Si:H
cells are between 70 and 77%. The fill factor FF is a
complex parameter: it depends essentially on three
quantities that can be identified in the electrical equiv-
alent circuit of a pin solar cell (Fig. 6):
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Fig. 5. Open-circuit voltage V for a large number of single-junctionOC
mc-Si:H pin solar cells deposited at IMT Neuchatel, from Meier et al.ˆ
w20x.
Fig. 6. Equivalent circuit of a pin solar cell w21x: the current sink
J is necessary in pin-type solar cells; D is a diode, characterized byrec
its reverse current density J and by its ideality factor n; shunt-resis-0
tance R is technology-dependent and characterizes additional ohmicsh
shunt paths short-circuiting the diode; and R is the series resistances
generally given by the contacts.
Table 2
Comparison between record-efficiency c-Si and mc-Si:H single-junc-
tion solar cells as obtained to date
c-Si mc-Si:H
JSC 42.2 mAycm2 ;30 mAycm2
VOC 706 mV 518 mV
FF 82.8% 70%
h 24.7% 10.9%
1. the series resistance R should be minimized; highS
R values are caused by insufficiently doped p- andS
n-type layers, and especially by excessively resistive
(transparent) contact layers: a highly conductive
transparent oxide (TCO) is, indeed, definitely needed
to obtain a low value of R ;S
2. the parallel resistance R which is given by shuntsP
— either at the edge of the cell or within the cell,
the latter type of shunts being presumably due to
cracks in the intrinsic mc-Si:H layer (such shunts
should be avoided to obtain high R values whichP
are, in fact, what is needed in order to maximize the
FF-value); and
3. by additional recombination losses due to the pin (or
nip) solar cell configuration, symbolized by the
current sink J in Fig. 6.rec
Further research is needed to understand better the
limitations w.r.t. FF often encountered in practical mc-
Si:H solar cells as well as in ‘micromorph’ tandem solar
cells and modules: One should analyze the cellsy
modules carefully each time, by Variable Intensity Meas-
urements (VIM) w21x, so as to identify to which one of
the above quantities (a), (b), (c), the limitation of FF
is due to in a given specific case.
With J f30 mAycm , V s518 mV and FFs2SC OC
70%, a 10.9% efficient mc-Si:H cell becomes possible.
Such a record-efficiency single-junction mc-Si:H cell
has been reported by Saito et al. of Canon Inc., at the
12th International PVSEC Conference in Jeju (Korea)
2001 (Table 2).
Can the efficiency of mc-Si:H solar cells be signifi-
cantly increased over 10%? To answer this question one
may compare the key parameters of mc-Si:H solar cells
with those obtained with the best monocrystalline silicon
solar cells — a topic that will be addressed in Section
3.2.
3.2. Comparison between present mc-Si:H and best c-Si
solar cells
The laboratory record efficiency for a wafer-based
crystalline silicon (c-Si) solar cell has been reported by
Green and co-workers w22x under AM 1.5 illumination,
the following values have been obtained thus far (Table
2).
Note that it is generally accepted and can be theoret-
ically confirmed (see also w23,24x) that the values
obtained for c-Si laboratory cells are quite near the
theoretical limit which it is physically possible to
achieve with single-junction solar cells and a material
having an energy gap of 1.1 eV. This means that Table
2 indicates the potential for further improvement in the
performance of mc-Si:H cells.
As can be seen from Table 2, there is relatively little
to be gained further, w.r.t. V n and FF-values whichOC
are already quite near to those achieved for best c-Si
cells.
The largest scope for further improvement is clearly
w.r.t. J If one wants, however, to keep cell thicknessSC.
reasonably low (in order to keep deposition time, and
thus, also production costs reasonably low), this can
only be done by optical means, i.e. by light trapping.
This is a complex optical problem: it requires suitably
textured (i.e. rough) layers and very low optical absorp-
tion in all transparent layers.
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Fig. 7. Typical curves for the optical absorption coefficient of photon
energy, for (mono)crystalline silicon (c-Si), as well as for hydrogen-
ated amorphous silicon (a-Si:H) and hydrogenated microcrystalline
(mc-Si:H) silicon thin-films. The low absorption region has been
measured with the help of PDS (Photothermal Deflection Spectros-
copy) and CPM (Constant Photocurrent Method) (see also w25x).
Fig. 8. p-i-n Structure used in amorphous and microcrystalline silicon
solar cells.
3.3. Need for pin (or nip)-type configurations for mc-
Si:H solar cells
Crystalline silicon is a material with an indirect
bandgap, and therefore, the absorption coefficient a(hn)
for light wavelengths near the absorption edge (hn-
values just slightly over E ) is very low, for all formsg
of crystalline silicon (Fig. 7): we observe in monocrys-
talline silicon typical values of approximately 70 cmy1
for hns1.24 eV or ls1000 nm. A similarly low value
of a(hn) is observed in mc-Si:H layers, even though
the ‘effective’, as-measured value of a(hn) is slightly
higher here (approx. 200 cm ) due to surface rough-y1
ness of the layer w25x. With such low values of a,
photogenerated carriers will have to be collected from
the whole depth of the thin-film solar cell and not just
(as is the case for CIGS and CdTe solar cells, with their
direct bandgap) from regions near the surface. On the
other hand, the minority carrier diffusion length L ofdiff
doped mc-Si:H layers is (due to defects and grain
boundaries) extremely small and can be estimated to be
less than 1 mm. This specific diffusion length can, in
fact, be considered, in a first approximation, to be
smaller or equal to the ambipolar diffusion length of
intrinsic mc-Si:H layers, the latter having been measured
by means of the surface photovoltage (SPV) and steady-
state photocurrent grating (SSPG) techniques, with
resulting values between 0.2 and approximately 0.8 mm
w26x.
As one definitely needs a solar cell thickness dcell
higher than 1 mm to absorb enough sunlight, one clearly
sees that it is quite impossible to obtain satisfactory
collection by diffusion alone, as d )L . Thus, clearlycell diff
pn-diodes, where the collection of the photogenerated
carriers is by diffusion, cannot be used for mc-Si:H
solar cells.
Therefore, in a similar manner as for a-Si:H, all
successful research groups have used the p-i-n (or n-i-
p) configuration to fabricate mc-Si:H solar cells.
Here, the carrier generation (photogeneration) is
almost exclusively within the intrinsic (i)-layer and the
carrier collection is by drift (Fig. 8).
Indeed, the drift length L (or ‘Schubweg’) can bedrift
shown to be almost always higher than the diffusion
length L .diff
One has:
kT
yL s tØD, with Ds Ømdiff q
i.e.
kT
L s ØmØt (2)diff y q
where m is the carrier mobility, and
L smØtØEdrift i (3)
where E is the prevailing internal electric field, and isi
equal to V yd for an ideal situation (no field defor-bi i
mation) and for short-circuit conditions, with V f1 Vbi
(built-in voltage) and d is the i-layer thickness.i
From Eqs. (2) and (3), one can obtain the following
relation:
L gØLdrift diffs (4)
L ddiff i
where for mc-Si:H and Tf25 8C.V Øqbigs f40
kØT
This ratio becomes higher if the material is of better
quality (if L increases) and also if the solar cell isdiff
thinner (d reduces). Even for a relatively unfavorablei
6
w4x P. Pernet et al., Proc. 14th EC PVSEC, Barcelona, 1997, p.
2339.
w5x U. Kroll, J. Non-Cryst. Solids 227–230 (1998) 68.
w6x S. Veprek, V. Marecek, Solid State Electron. 11 (1968) 683.
w7x M.J. Williams et al., AIP Conf. Proc. 234 (1991) 211.
w8x M. Faraji et al., Appl. Phys. Lett. 60 (1992) 3289.
w9x R. Fluckiger et al., Proc. 11th EC PVSEC, Montreux, Switzer-¨
land, 1992, p. 612.
w10x J. Meier et al., Appl. Phys. Lett. 65 (1994) 860.
w11x P. Torres et al., Appl. Phys. Lett. 60 (1996) 3289.
w12x P. Torres et al., Proc. Mater. Res. Soc. Symp. 452 (1996) 883.
w13x J. Meier et al., J. Non-Crystall. Solids 227–230 (1998) 1250.
w14x U. Kroll et al., J. Vacuum Sci. Technol. A 13 (1995) 2742.
w15x M. Goerlitzer, PhD Thesis, University of Neuchatel, 1998.ˆ
w16x A. Shah et al., Mater. Sci. Eng. B 69–70 (2000) 219.
w17x E. Vallat-Sauvain et al., J. Appl. Phys. 87 (2000) 3137.
w18x J. Dubail et al., Mater. Res. Soc. Proc. 609 (2000) A13.6.1.
w19x J. Bailat et al., to be published in Proceedings of ICAMS-19,
August 2001, Nice, France.
w20x J. Meier et al., Solar Energy Mater. Solar Cells 66 (2001) 73.
w21x J. Merten et al., IEEE Trans. Electron Devices 45 (2) (1998)
423.
w22x M.A. Green et al., Tech. Digest 11th Int. PVSEC, Saporo, Japan,
1999.
w23x H. Kiess, W. Rehwald, Solar Energy Mater. Solar Cells 38
(1995) 45.
w24x M.A. Green, Solar Cells, Prentice Hall, 1982.
w25x M. Vanecek et al., J. Non-Crystall. Solids 227–230 (1998) 967.
w26x N. Wyrsch et al., Journal of Non-Crystalline Solids 266-269
(2000) 1099.
w27x T.J. Coutts et al., Tech. Dig. 12th Int. PVSEC, Jeju, Korea,
2001, p. 277.
w28x J. Meier et al., Proc. 1st WCPEC, Hawaii, USA, 1994, p. 409.
w29x J. Meier et al., Solar Energy Mater. Solar Cells 49 (1997) 35.
w30x S. Golay et al., Proc. 28th IEEE PVSC, Anchorage, USA, 2000,
p. 1456.
w31x K. Yamamoto et al., Proc. 28th IEEE PVSC, Anchorage, USA,
2000, p. 1428.
7
been difficult to confirm under well-defined laboratory
conditions with a solar simulator.
At present, a whole range of R&D groups are report-
ing stabilized laboratory tandem cell efficiencies in the
range of 10–12%, as witnessed by many contributions
at the PVSEC-12 Conference in Korea (June 2001).
For larger-sized modules, IMT Neuchatel reported aˆ
stabilized active area efficiency of 9% for a 4=8-cm2
mini-module w30x. Lately, Kaneka Corp. of Japan has
successfully fabricated a large area (approx. 0.5 m )2
module, closely following IMT’s original micromorph
concept: stabilized aperture area efficiencies over 9%
are claimed w31x. These modules are now available in
small quantities on the European market and the effi-
ciency claims of Kaneka could be partially confirmed,
at least for the initial state.
4.3. Problems encountered at the moment with micro-
morph tandems
The problems presently faced fall into three
categories:
1. Interface and interdiffusion problems, especially w.r.t.
the critical ‘tunnel (recombination) junction’ between
the two partial cells. These are process- and reactor-
dependent and not much can be said about them
here.
2. Thickness-related problems: Because of the light-
induced degradation (Staebler–Wronski effect) pre-
vailing in a-Si:H solar cells, the amorphous top cell
has to be kept thin (d F0.3 mm). In order to avoidtop
prohibitingly long deposition times (of more than 1
h), the microcrystalline bottom cell has also to be
kept relatively thin (d F2 mm), as long asbottom
deposition rates for device-quality intrinsic mc-Si:H
layers are not substantially over 10 Ays. Thus, the˚
short-circuit densities obtained are rather low.
3. Light trapping problems: It is especially difficult to
obtain effective light trapping for the amorphous top
cell, unless an ‘intermediate mirror’ (e.g. an inter-
mediate ZnO layer) between the top and the bottom
cell, could be successfully used. This is one of the
reasons why most of the early micromorph tandems
have been top-cell limited. On the other hand, it
becomes important if one has optical paths that run
at a small angle through the solar cell (and have in
this manner been considerably lengthened) to keep
the optical absorption coefficient a(hn) in the TCO
layers very low, otherwise a lot of light will be lost
through absorption in just these layers. However,
because of free carrier absorption, it is very difficult
to attain a low absorption coefficient in the near-
infrared region — a region of the solar spectrum that
is important for the microcrystalline bottom cell.
4.4. Module performance under field conditions
We have so far referred to cell and module perform-
ance under standard test conditions (STC); i.e. with
light entering vertically onto the cellymodule, for Ts
25 8C cellymodule temperature and for the AM 1.5
spectrum at one sun intensity (approx. 100 mWycm )2
In actual field use, the light will be entering the
module at an angle (/908), the temperature may go up
into the 608 to 80 8C range; the spectrum may shift in
the evening towards the orange (and in cloudy weather
towards the blue) and light intensities may be substan-
tially less than 100 mWycm .2
Work is under way to assess the effect of these factors
on micromorph tandem modules and results will be
reported later. Preliminary data tend to show that micro-
morph modules fare relatively well under actual field
conditions, possibly quite a bit better than other types
of thin-film photovoltaic modules.
5. Conclusions
Solar cells based on plasma-deposited hydrogenated
microcrystalline silicon (mc-Si:H) as well as ‘micro-
morph’ (mc-Si:Hy a-Si:H) tandem solar cells — both
pioneered by IMT Neuchatel — have opened up a wholeˆ
new field of investigation for thin-film solar cell con-
cepts. Japanese industrial research groups are now espe-
cially active here. A stabilized commercial module
efficiency (total area efficiency) of 10% seems within
reach during the next few years.
It can only be hoped that European Industries will
take up the challenge and also become active in this
field, as the micromorph tandem cell concept may well
constitute one of the most promising future avenues for
mass-produced low-cost photovoltaic modules. Low
temperatures (f200 8C), possibility of very low cost
substrates (e.g. low-cost polymers such as PET, etc.),
excellent material availability, absence of toxicyhazard-
ous materials and proven large-area processing capacity
all concur to make this option particularly attractive for
the future.
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